Background: Cannabinoids induce analgesia by acting on cannabinoid receptor (CBR) types 1 and/or 2. However, central nervous system side effects and antinociceptive tolerance from CBR1 limit their clinical use. CBR2 exist on spinal glia and perivascular cells, suggesting an immunoregulatory role of these receptors in the central nervous system. Previously, the authors showed that spinal CBR2 activation reduces paw incision hypersensitivity and glial activation. This study tested whether CBR2 are expressed in glia and whether their activation would induce antinociception, glial inhibition, central side effects, and antinociceptive tolerance in a neuropathic rodent pain model.
NEUROPATHIC pain, resulting from nerve injury, is often the most difficult pain to treat. Gabapentin, tramadol, local lidocaine patches, opioids, and tricyclic antidepressants are first-line medications for neuropathic pain. However, their modest effectiveness, physical dependence, significant side effects, or lack of universal efficacy limit their clinical use. 1 Therefore, new strategies for better treatment of pain are needed. Cannabinoids are potential analgesic agents and are thought to exert most of their effects by binding to G proteincoupled cannabinoid receptor (CBR) types 1 and 2. CBR1 exist in neural structures and are expressed in brain, spinal cord, and peripheral nerves. [2] [3] [4] [5] [6] Alternatively, CBR2 are expressed in immune cells 7 and keratinocytes 8 and have recently been shown to exist in the central nervous system (CNS). 9, 10 In accord with the role of CBR2 in immune cells, CBR2 are expressed in microglia and perivascular cells in normal human and rat brain 11, 12 and in microglia and astrocytes, especially during inflammation. 13, 14 These findings suggest that the cannabinoid system may have immune modulatory functions also in the CNS. Microglial and astrocytic activation, defined as an increase in the expression of specific surface antigens and functional cellular proteins, is involved in the initiation and maintenance of hypersensitivity in neuropathic pain. [15] [16] [17] [18] Peripheral nerve injury induces CBR2 expression in peripheral fibers and spinal cord. 19 -21 In addition, although CBR2 are presumably increased in microglia after peripheral nerve injury, 20 no conclusive CBR2 expression in glial cells has been shown in vivo thus far.
Central CBR1 activation induces antinociception in several pain models, but neurologic side effects and antinociceptive tolerance limit its clinical use as a potential analgesic. In spite of this, CBR1 have been extensively studied, whereas the function of spinal cord CBR2 has not been fully described in the processing of nociceptive information. 22 We have previously demonstrated that spinal CBR2 are functional and that their activation reduces paw incision-induced pain in association with a reduction of microglial and astrocytic activation without inducing neurologic side effects. Herein, we test the hypothesis that CBR2 are expressed in glial cells after peripheral nerve injury and that their activation reduces peripheral nerve injury-induced microglial activation and hypersensitivity. Because chronic activation of spinal CBR2 in neuropathic pain has not been assessed, a second hypothesis was tested in the current study, that chronic spinal CBR2 activation does not induce antinociceptive tolerance.
Materials and Methods

Animals and Surgeries
After approval by the Institutional Animal Care and Use Committee at Dartmouth College (Dartmouth Medical School, Hanover, New Hampshire) and in accordance with the Guidelines for Animal Experimentation of the International Association for the Study of Pain, male Sprague-Dawley rats weighing 250 -300 g (Harlan, Indianapolis, IN) at the start of surgery underwent L5 nerve transection (L5NT) surgery as previous described. 23 Briefly, rats were anesthetized with 2% isoflurane in oxygen, and a small incision to the skin overlying L5-S1 was made, followed by retraction of the paravertebral musculature from the vertebral transverse processes. The L6 transverse process was then partially removed to expose the L4 and L5 spinal nerves. The L5 spinal nerve was identified, lifted slightly, and transected. The wound was irrigated with saline and sutured in two layers. The sham surgery consisted of exposure of the L5 spinal nerve without transection. Animals were housed individually and maintained in a 12:12 h light-dark cycle with ad libitum access to food and water. Efforts were made to limit animal distress and to use the minimum number of animals necessary to achieve statistical significance.
Behavioral Testing
The 50% withdrawal threshold to mechanical stimuli was measured twice at 5-to 10-min intervals ipsilaterally to surgery using calibrated von Frey filaments (Stoelting, Wood Dale, IL) and an up-down statistical method. 24 The average of these values was used for data analyses. The withdrawal threshold was determined for each animal before surgery, 1 and 4 days after surgery (immediately before any pharmacologic treatment), and after drug administration (different time points for different paradigms; see Acute Antinociceptive Effect Study, Spinal CBR2 Activation-induced Hypersensitivity Study, and Spinal CBR2 Activation-induced Tolerance Study sections). The investigator was blinded to drug treatment in all behavioral tests. Withdrawal thresholds were converted to the percentage of maximum possible effect according to the formula (withdrawal threshold after drug Ϫ withdrawal threshold 24 h after surgery) ϫ 100/(withdrawal threshold before surgery Ϫ withdrawal threshold 24 h after surgery).
Drugs and Treatments
The drugs used were as follows: the nonselective cannabinoid receptor agonist CP55940 (5-(1,1-dimethylheptyl)-2-[5-hydroxy-2-(3-hydroxypropyl)cyclohexyl]phenol; Sigma Chemical Co., St. Louis, MO), the CBR1 antagonist AM281 (1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-4-morpholinyl-1H-pyrazole-3-carboxamide), the CBR2 antagonist AM630 (6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)methanone), and the CBR2 ag-onist JWH015 ((2-methyl-1-propyl-1H-indol-3-yl)-1-naphthalenylmethanone), purchased from Tocris (Ellisville, MI). Drugs were diluted in dimethylsulfoxide and saline in a ratio of 1:1 and administered in a volume of 15 l. Drugs were administered by intrathecal injections by means of lumbar puncture under brief inhalational anesthesia (2-4% isoflurane in oxygen) using a Hamilton syringe and a 28gauge 5 ⁄ 8-in hypodermic needle. The needle was inserted intrathecally, on the midline between the fourth and fifth lumbar vertebrae. The correct injection site was confirmed with the stimulation of nerves in the cauda equina when the needle penetrated the dura and manifested with a brief but obvious movement of the tail and/or the hind paws. The animals regained consciousness 2-3 min after the discontinuation of anesthesia.
Acute Antinociceptive Effect Study
Four days after surgery, drugs were administered in two injections at a 2-h interval. A dose response of JWH015 was performed in four different groups: 0.4, 1, 2, and 10 g/injection (n ϭ 5, 5, 7, and 10, respectively). A group was treated with the nonselective CBR agonist CP55940 (10 g/injection, n ϭ 6). To challenge the antinociceptive effect of JWH015 (10 g/injection), one group received AM281 (CBR1 antagonist, 10 g/injection, n ϭ 7) and the other received AM630 (CBR2 antagonist, 10 g/injection, n ϭ 7) concomitantly with JWH015. Sham (n ϭ 11) and L5NT (n ϭ 7) groups received vehicle injections and were used as the controls. Another sham surgery group was treated with JWH015 (10 g/injection, n ϭ 5) to test possible effects in nonsensitized animals. Behavioral testing was performed 15 min, 30 min, 1 h, and 2 h after each injection.
Spinal CBR2 Activation-induced Hypersensitivity Study
The same paradigm used in the acute antinociceptive effect study was used for 5 consecutive days in four different groups. Either JWH015 (10 g/injection) or vehicle was chronically administered (two 2-h interval injections daily, starting at 8:00 -9:00 AM) in L5NT (n ϭ 8 for JWH015 and n ϭ 7 for vehicle) or sham animals (n ϭ 5 for JWH015 and n ϭ 3 for vehicle). Behavioral testing was performed 15 min and 2 h after the first injection and 15 min, 2 h, and 24 h after the second injection.
Spinal CBR2 Activation-induced Tolerance Study
Intrathecal JWH015 was acutely administered in 30min interval escalating doses: 0.4, 2, 10, and 50 g in L5NT and sham animals that had previously received chronic (5 days) treatment with JWH015 (n ϭ 8 for L5NT and n ϭ 4 for sham) or vehicle (n ϭ 5 for L5NT and n ϭ 3 for sham). Experiments were performed 24 h after the last day of chronic treatment. The antinociceptive effect of escalating doses of JWH015 was studied 15 min after every injection, and its effectiveness and po-tency were compared in both chronic JWH015 and chronic vehicle treatment groups.
Motor Function and Reflex Testing
Based on previous studies, righting and placing-stepping tests were used to evaluate motor reflexes, 25 and the bar test was used to evaluate catalepsy. 26 Because CBR agonists have also been noted to induce vocalization (as a sign of irritability, hypersensitivity, or pain) and reduce exploratory activity, 27 these were also evaluated. The placing-stepping reflex was tested by placing the rostral aspect of the hind paws on the edge of a table and was quantified as the seconds in which the animals put the paws up and forward into a position to walk. A cutoff of 60 s was used. The bar test consists of placing the forelimbs on a bar of approximately 1 cm in diameter and 10 cm above and parallel to a table, leaving the hind paws resting on the table. A cataleptic animal will stay in that position longer than a normal animal. The time in which the animal puts its forelimb on the table was recorded, using a cutoff time of 60 s. The righting test consists of placing the animal prone and recording the ability to right itself, studied as normal (an immediate and coordinated twisting of the body to an upright position), mild (ability to completely right, but slowly), moderate (ability to right the forelimbs slowly followed by the hind limbs with more difficulty), and severe impairment (inability to right in 20 s). Vocalization was rated as absent, present sometimes when manipulated, always present when manipulated, or present with even light touch. Exploratory activity was rated as normal, only head movements without vertical and/or horizontal exploration, or no spontaneous movements or splayed posture with no spontaneous movements. A scale of 0 -3, from normal to severe impairment, was chosen to evaluate these parameters. All behavioral measures were performed twice, and the average was used for analyses.
Tissue Preparation and Immunohistochemistry
Rats were deeply anesthetized with 2-4% isoflurane in oxygen and perfused transcardially with buffer (0.01 M phosphate-buffered saline, 150 ml) followed by 4% formaldehyde (350 ml) at room temperature. The L5 portion of the spinal cord was removed and placed in 30% sucrose for 48 -72 h at 4°C. The tissue was then frozen at Ϫ80°C in optimal cutting temperature compound (Sakura Finetek, Torrance, CA). Immunohistochemistry was performed on transverse 20-m L5 spinal cord freefloating sections by using the Vector ELITE ABC (Vector Labs, Burlingame, CA), avidin-biotin complex technique. A mouse monoclonal antibody for CR3/CD11b (1:2; gift from William F. Hickey, M.D., Professor of Pathology, Department of Pathology, Dartmouth Medical School, Hanover, NH) was used to label the expression of CR3/CD11b on microglia, and a rabbit polyclonal antibody for glial fibrillary acidic protein (GFAP) was used to label astrocytes (1:10,000; Dako Cytomation, Glostrup, Denmark). A goat polyclonal antibody against the C terminus of CBR2 was used to label CBR2 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA; sc10076). This CBR2 antibody and concentration were chosen based on its specificity. Specificity was tested by omitting the primary antibody and by the degree of nonspecific background staining. Other commercial antibodies were tested in parallel at different concentrations and were found to display nonspecific staining. The sections were examined with an Olympus microscope, and images were captured with a Q-Fire cooled camera (Olympus, Melville, NY). A monoclonal antibody and immunofluorescence was used to label the expression of ED2/CD163 (1:150; Serotec, Raleigh, NC) on perivascular cells.
Glial activation has previously been determined by comparing immunofluorescence staining intensity. 28, 29 Herein, we quantified the ED2/CD163, CR3/CD11b, and GFAP staining, blinded to experimental conditions, as the number of pixels above a preset intensity threshold using SigmaScan Pro 5 (SPSS, Chicago, IL) as previously described. 28 Glial activation is characterized for an increase in the number (proliferation), migration, and complexity of these cells (rounded cell bodies and thicker processes), resulting in an increase in labeling. Therefore, an increase in the number of pixels was interpreted as a sign of glial activation. Rats on postoperative day 4 and 2 h after intrathecal vehicle (n ϭ 4 for sham and n ϭ 3 for L5NT), 2 g JWH015 (n ϭ 3), or 10 g JWH015 (n ϭ 4) were used to determine microglial or astrocytic activation or ED2/CD163 expression (n ϭ 4 for all groups) induced by L5NT and to study the effects of JWH015 on glial activation. A different group of sections were used to evaluate the effects of the antagonists (AM630 n ϭ 5, AM281 n ϭ 7 for microglia, and AM630 n ϭ 4, AM281 n ϭ 3 for ED2/CD163) on JWH015 effects (n ϭ 8 for microglia and n ϭ 4 for ED2/CD163). Data were normalized as percentage of sham group to compare L5NT and JWH015 effects or as percentage of JWH015 (10 g) to compare the effects of the antagonists.
To quantify the expression of CBR2 (n ϭ 3 for sham and L5NT groups), the same methodology was used. The data were normalized as percentage of contralateral side to sham surgery. For both microglial and astrocytic activation and CBR2 expression, the staining intensity was examined in a standardized area of laminae I-II with three or four slices examined per animal. ED2/CD163 expression was quantified as the number of positive staining cells in L5 dorsal horn spinal cord with three or four slices examined per animal. To study the localization of CBR2, immunofluorescence was performed using the same CBR2 antibody plus: Iba1 (microglia marker, rabbit polyclonal, 1:500; Wako Pure Chemical Industries, Richmond, VA), GFAP (astrocyte marker), S100B (astrocyte marker, rabbit polyclonal, 1:15,000; Fitzgerald, Concord, MA), ED2 (CD163 glycoprotein, perivas-cular cell marker, 1:150, mouse immunoglobulin [Ig] G1 anti-rat CD163; Serotec), or NeuN (neuron marker, 1:10,000 mouse IgG1 anti-NeuN; Chemicon, Temecula, CA). After three washes in phosphate buffer solution, spinal cord sections were incubated in 3% fetal bovine serum-phosphate buffer solution for 30 min at room temperature. Primary antibodies were applied in the following combinations overnight at 4°C: goat anti-CBR2 and mouse anti-ED2; goat anti-CBR2 and rabbit Iba1; goat anti-CBR2 and mouse anti-NeuN; goat anti-CBR2 and rabbit anti-GFAP; goat anti-CBR2 and rabbit anti-S100B; or goat anti-CBR2, rabbit anti-GFAP, and mouse anti-ED2. The following day, tissue sections were washed and then visualized with the appropriate secondary fluorescent antibody (Molecular Probes, Invitrogen, Carlsbad, CA): chicken anti-goat Alexa Fluor-647 (1:1,000), goat antimouse IgG1 Alexa Fluor-488 (1:250), goat anti-rabbit IgG Alexa Fluor-488, goat antirabbit IgG Alexa Fluor-405 (1: 250). Secondary antibody staining was performed in two steps to avoid cross-reaction: (1) incubation with chicken anti-goat Alexa Fluor-647 (1 h at room temperature) followed by two washes and (2) incubation with goat anti-rabbit IgG Alexa Fluor-488 and/or goat antimouse IgG1 Alexa Fluor-488 (1 h at room temperature).
Finally, tissue sections were washed and mounted with Vectashield (Vector Labs) containing 4=,6-diamidino-2phenylindole dihydrochloride hydrate (DAPI; Sigma) to visualize cell nuclei. The sections were examined with an Olympus fluorescence microscope, and images were captured with a Q-Fire cooled camera (Olympus). Confocal microscopy was also performed using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss AG, Oberkochen, Germany; Englert Cell Analysis Laboratory, Dartmouth). Merged color images were processed using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA). The tissues used to study microglial and astrocytic activation, ED2/CD163 expression, and CBR2 and expression and localization were harvested from the same animals that were tested for behavioral data.
Statistical Analyses
The effects of L5NT, sham surgery, and drug injections on bar test and placing-stepping test were determined using a repeated-measures two-way analysis of variance followed by the Bonferroni posttest using after-surgery data as control. The effects of L5NT, sham surgery, and drug injections on withdrawal thresholds were examined using the Friedman repeated-measures analysis of variance on rank test. If significant effects were found, nonparametric Wilcoxon signed ranks tests were conducted comparing each time point to the threshold on day 4 after surgery. Between-group differences were examined at each time period using the Kruskal-Wallis test. Significant effects were followed using the Mann-Whitney U test comparing only the novel treatment to control or agonist group. At 2 h after treatment time point, the dose of JWH015 producing 50% of maximum efficacy (ED 50 ) and its 95% confidence limits were calculated. In the tolerance study, acute intrathecal JWH015 ED 50 was compared between chronic JWH015 and chronic vehicle groups using a t test. Comparisons among groups for ED2/CD163 (number of cells), CBR2, and microglial or astrocytic staining (in pixels) were performed using t tests or, when normality failed, Mann-Whitney U test. Data are presented as mean Ϯ SEM. Vocalization and exploratory activity data after the treatment were pooled in each group and compared; differences were examined using the Kruskal-Wallis test. Data are presented as median Ϯ95% confidence limits. In all cases, a P value less than 0.05 was considered significant. SigmaStat (Systat Software, San Jose, CA) and GraphPad inStat (GraphPad Software, San Diego, CA) software were used. fig. 3A ) was observed. CBR2 staining was observed adjacent to both astrocyte markers used, S100B and GFAP (figs. 3B and C), but apparent coregionalization was not observed. To further confirm this, we performed triple staining using ED2/CD163, GFAP, and CBR2 antibody markers (figs. 3D and 4). This staining demonstrated that CBR2 expression was close but not coregionalized to GFAP containing cells (astrocytes). However, GFAP-positive cells were found in intimate contact with perivascular-like cells (ED2/CD163) expressing CBR2 (figs. 3D and 4). Most of ED2/CD163positive cells were found to express CBR2 in spinal cord dorsal horn ipsilateral to L5NT; however, this was observed to a lesser extent in spinal cord dorsal horn ipsilateral to sham surgery ( fig. 4 ).
Results
L5NT-induced Spinal CBR2 Expression
Acute Antinociceptive Effect Study
Withdrawal thresholds did not change significantly after sham surgery, and administration of intrathecal vehicle or the CBR2 agonist JWH015 (10 g, two injections) did not modify this ( fig. 5A ). This suggests that spinal CBR2 activation does not change baseline nociception. Withdrawal thresholds were reduced significantly (P Ͻ 0.05; 28.6 Ϯ 1 g before surgery) at 1 (6.4 Ϯ 0.6 g) and 4 days (5.6 Ϯ 0.4 g) after surgery in all L5NT groups. Intrathecal vehicle induced a slight but significant increase in the withdrawal thresholds 15 and 30 min 5A ). This is in accord with the inducible CBR2 expression after peripheral nerve injury shown in this study. JWH015 (CBR2 agonist) significantly modified L5NTinduced hypersensitivity after the first intrathecal injection (15 and 30 min) only with the highest dose tested (10 g, two injections). The second intrathecal injection (2 h after the first one) of 0.4 or 1 g JWH015 did not modify L5NT-induced hypersensitivity when compared with after-surgery data, but 1 g JWH015 induced antinociception 15 min after the second injection (10.4 Ϯ 1 g, 10.5 Ϯ 5.6% MPE) when compared with the L5NT vehicle group. JWH015 was effective when administered in a dose of 2 g 30 min and 2 h after the second intrathecal injection when compared with after-surgery data, and 2 h when compared with the L5NT vehicle group (15.9 Ϯ 1.3 g, 49.8 Ϯ 11% MPE). Furthermore, intrathecal 10 g JWH015 decreased behavioral hypersensitivity starting 15 min after the second injection (19.7 Ϯ 3.7 g, 68.9 Ϯ 19.4% MPE), and this effect lasted at least 2 h (18 Ϯ 2.5 g, 62.7 Ϯ 18% MPE) when compared with both after-surgery data and the L5NT vehicle group. The fact that the first dose of JWH015 (except for the 10-g group) did not induce any significant effect but the second produced antinociception in a dose-dependent fashion suggests a cumulative effect. The ED 50 (95% confidence limits) of JWH015 2 h after the second intrathecal injection (0.8 -20 g, cumulative dose) was 8.6 (3.6 -20.6) g.
The antihypersensitivity effect of intrathecal JWH015 (10 g, two injections) was prevented by concomitant intrathecal injections of the CBR2 antagonist AM630 (10 g, two injections; 10.9 Ϯ 1.9 g, 16 Ϯ 8.4% MPE and 8.1 Ϯ 2.2 g, 6.2 Ϯ 11% MPE, 1 and 2 h after second injection) but not by concomitant intrathecal injections of the CBR1 antagonist AM281 (10 g, two injections; 19 Ϯ 2.8 g, 45 Ϯ 13% MPE and 22 Ϯ 4.1 g, 55 Ϯ 17% MPE, 1 and 2 h after second injection; fig. 5B ).
Motor Function and Reflex Testing
Intrathecal CP55940 (10 g) did not block the righting reflex ( fig. 6A ), induce vocalization ( fig. 6B ), reduce 6D ) in a significant manner; however, it blocked the placing-stepping reflex at all times tested after the second injection ( fig. 6E ). In contrast, the CBR2 agonist JWH015 did not affect any of these behavioral measures (figs. 6A-E). staining intensity were significantly reduced in number and intensity in the spinal cord dorsal horn ipsilateral to L5NT (plus vehicle, 3.6 Ϯ 1.6 ED2/CD163 ϩ cells) compared with dorsal horn ipsilateral to sham surgery (plus vehicle, 12.6 Ϯ 2.6 ED2/CD163 ϩ cells; figs. 7A and B). Intrathecal JWH015 (CBR2 agonist) significantly increased the ED2/CD163 expression intensity and the number of ED2/CD163-positive cells ipsilateral to L5NT compared with vehicle controls. The effects of 2 or 10 g of the CBR2 agonist JWH015 (2 h after the second injection) were similar (16.8 Ϯ 2.7 and 23.9 Ϯ 6.3 ED2/CD163 ϩ cells), paralleling their behavioral effects (figs. 7A and B). Although we did not find any significant difference between JWH015 plus AM281 (CBR1 antagonist, n ϭ 7) versus JWH015 plus AM630 (CBR2 antagonist, n ϭ 5), the effect of JWH015 on ED2/D163 expression is exerted mainly on CBR2 because the increase of ED2/CD163-positive cells (but not the total ED2/CD163 intensity) induced by the highest dose of JWH015 (10 g) was significantly blocked by AM630 (10 g, CBR2 antagonist), but not by AM281 (10 g, CBR1 antagonist; figs. 7A and C).
Fig. 4. Cannabinoid receptor type 2 (CBR2) staining and localization. Representative confocal images of CBR2 (red), glial fibrillary acidic protein (GFAP; gray), and ED2/CD163 (green) staining of superficial laminae of dorsal horn ipsilateral to L5 nerve transection (L5NT; A) or sham surgery (B). The coregionalization of CBR2 and ED2/CD163 is shown in yellow and was present in almost all of the perivascular cells (ED2/CD163) in L5
JWH015 Effect on ED2/CD163 Expression ED2 or CD163 (a glycoprotein member of the scavenger receptor cysteine-rich group B family) functions as a scavenger receptor for hemoglobin-haptoglobin complexes and is constitutively expressed on CNS perivascular cells. ED2/CD163-positive cells and ED2/CD163
Fig. 5. Withdrawal thresholds ipsilateral to sham or L5 nerve transection surgery before (baseline [BL]) and 1 and 4 days (D1 and D4, respectively) after surgery, in L5 nerve transection animals after intrathecal administration of vehicle (VEH),
versus D4 after surgery by Friedman test followed by Wilcoxon test. Groups significantly differ by Kruskal-Wallis test; P < 0.05, Kruskal-Wallis test followed by Mann-Whitney U test, was found in L5 nerve transection with CP55940 versus L5 nerve transection with vehicle at 15 min, 30 min, and 1 h after the second injection; L5 nerve transection with 1 g JWH015 versus L5 nerve transection with vehicle at 15 min after the second injection; L5 nerve transection with 2 g JWH015 versus L5 nerve transection with vehicle at 2 h after the second injection; L5 nerve transection with 10 g JWH015 versus L5 nerve transection with vehicle at all times tested after the second injection; sham with vehicle or 10 g JWH015 versus L5 nerve transection with vehicle at all times tested after surgery. (B) Withdrawal thresholds to von Frey stimulation ipsilateral to L5 nerve transection surgery before and 4 days after surgery (After Surg) and 1 and 2 h after first and second injection
JWH015 Effect on CR3/CD11b and GFAP Expression
CR3/CD11b (microglia) staining was significantly more intense in the spinal cord dorsal horn ipsilateral to L5NT (plus vehicle) compared with dorsal horn ipsilateral to sham surgery (plus vehicle; figs. 8A and B). CR3/CD11b staining ipsilateral to L5NT was significantly reduced in intrathecal JWH015 (CBR2 agonist)-treated animals com-pared with vehicle controls. In parallel with JWH015's effects on behavior, 2 or 10 g JWH015 (2 h after the second injection) significantly reduced the expression of CR3/CD11b at the same intensity (figs. 8A and B). The reduction of CR3/CD11b expression induced by the highest dose of JWH015 (10 g) was significantly blocked by AM630 (10 g, CBR2 antagonist) but not by AM281 (10 g, CBR1 antagonist; figs. 8A and C). CR3/ CD11b staining in sham with intrathecal vehicle, L5NT with intrathecal JWH015, and L5NT with intrathecal JWH015 plus intrathecal AM281 (CBR1 antagonist) groups showed the characteristic morphology of resting microglia (thin and highly ramified processes). L5NT with intrathecal vehicle and L5NT with intrathecal JWH015 plus AM630 (CBR2 antagonist) resulted in microglial cells with larger cell bodies and greatly thickened processes, a characteristic morphology of activated cells ( fig. 8A ). Four days after L5NT (plus intrathecal vehicle), GFAP (astrocyte marker) staining in the spinal cord dorsal horn was not different from sham with intrathecal vehicle. JWH015 treatment did not modify the intensity of GFAP labeling (data not shown).
Spinal CBR2 Activation-induced Hypersensitivity Study
To determine whether intrathecal JWH015 (CBR2 agonist) induces hypersensitivity when administered chronically, as reported with other CBR1 agonists, 30 we repeated the paradigm described in the acute antinociceptive effect study daily for up to 5 days, using the most effective dose of JWH015 (10 g, 2 injections/day) observed in the current study. All animals developed hypersensitivity 4 days after L5NT (29.9 Ϯ 1.1 vs. 6.6 Ϯ 0.6 g, before and 4 days after L5NT, respectively), and the chronic intrathecal vehicle treatment (2 injections/day) did not modify this hypersensitivity ( fig. 9A ). However, intrathecal JWH015 (10 g, 2 injections/day) reversed L5NT-induced hypersensitivity during the 5 days of treatment compared with postsurgery data and the vehicle group ( fig. 9A ). This effect was observed after the second injection on day 1 and after the first and second injections on days 2-5. This effect lasted at least 2 h and disappeared 24 h after the second injections at all days tested (fig. 9A ). The effectiveness of intrathecal JWH015 was similar at all days tested, suggesting, first, that chronic intrathecal JWH015 administration does not induce hypersensitivity, and second, that a cumulative effect is unlikely when the drug was administered 24 h apart. To determine whether intrathecal JWH015 induces hypersensitivity in nonhypersensitive animals, we repeated the chronic intrathecal JWH015 paradigm described above in sham animals. This was compared with sham animals treated chronically with intrathecal vehicle. Chronic intrathecal JWH015 did not modify the withdrawal thresholds (25.9 Ϯ 2.1 g, after surgery) in sham animals ( fig. 9B ). However, we observed a slight but significant reduction in the withdrawal threshold after chronic intrathecal vehicle 2 h after the second injection on day 5 treatment (24.5 Ϯ 2.5 vs. 17.3 Ϯ 0.1 g, after surgery and 2 h after second injection on day 5, respectively). Withdrawal thresholds of chronic intrathe-cal JWH015 in sham surgery animals where significantly different from the L5NT chronic intrathecal vehicle group at all time points tested. However, withdrawal thresholds of the chronic intrathecal vehicle sham surgery group were not significantly different from L5NT chronic intrathecal vehicle 2 h on days 1, 2, and 3, and 15 min and 2 h on days 4 and 5 after the second intrathecal injection of vehicle. These findings suggest a possible transient hypersensitivity induced by multiple injections of the vehicle. Although no statistical differences were found between the two sham groups (JWH015 vs. vehicle), the chronic intrathecal JWH015 group did not show this hypersensitivity. These findings suggest that JWH015 does not induce hypersensitivity in nonsensitized animals when administered chronically.
Spinal CBR2 Activation-induced Tolerance Study
Because cannabinoid agonists have been shown to induce tolerance after chronic intrathecal administration, 30 we further studied whether acute intrathecal administration of the CBR2 agonist JWH015 (escalating doses) remains effective in L5NT and sham animals chronically treated with JWH015 or vehicle. All L5NT animals were hypersensitive before the treatment (6.4 Ϯ 1 and 7.3 Ϯ 0.8 g, 24 h after the day 5 of chronic injections of JWH015 and chronic vehicle, respectively). Escalating doses of intrathecal JWH015 reversed L5NTinduced hypersensitivity in a dose-dependent manner in both chronic JWH015-and chronic vehicle-treated animals. Unexpectedly, acute intrathecal JWH015 was for the chronic JWH015 and chronic vehicle groups, respectively (P Ͻ 0.05). Escalating doses of intrathecal JWH015 did not modify the withdrawal thresholds of the sham surgery group treated chronically with JWH015 or vehicle (22.2 Ϯ 2.2 and 17.3 Ϯ 0.01 g, 24 h after day 5 of chronic treatment of intrathecal JWH015 and intrathecal vehicle, respectively). These findings suggest that spinal CBR2 expression is induced by peripheral nerve injury to induce antinociception. No significant differences were found in all the neurologic tests assessed in both groups after the last JWH015 dose and compared with the L5NT with acute intrathecal vehicle group (data not shown).
Discussion
CBR2 Are Expressed in Spinal Microglial and Perivascular Cells
In the current study, we confirmed that CBR2 expression is enhanced in the dorsal horn ipsilateral to surgery after peripheral nerve injury. 19 -21 Microglia presumably express CBR2 messenger RNA (mRNA) in the spinal cord under neuropathic pain conditions. 20 In accord with this, we show for the first time that CBR2 protein is expressed in microglial and perivascular cells, a subpopulation of microglia, but not in neurons or astrocytes 4 days after peripheral nerve injury. Interestingly, our findings occur 4 days after L5NT, when microglial cells play a key role in the development of pain after peripheral nerve injury. 15, 18 Others have shown in vivo CBR2 expression in brain microglial cells at early stages (3 days) after stroke and hypoxia-ischemia with no colocalization with astrocytes. 31 Also, CBR2-positive staining has been found in human and rat brain perivascular cells and in capillaries surrounded by astrocytes. 11, 12 In our hands, astrocytes do not express CBR2 4 days after peripheral nerve injury. However, we observed that astrocytic end-feet can be in intimate contact with perivascular cells that do express CBR2, suggesting that CBR2 may indirectly modulate astrocytes.
The constitutive and enhanced expression of CBR2 in immune CNS cells after peripheral nerve injury or other central inflammatory processes suggest that the endocannabinoid system may act in a central immune modulatory role. Because CBR2 are expressed in microglia, especially during inflammation, 14 we hypothesize that their activation modulates the proinflammatory phenotype of spinal microglia in neuropathic pain. In contrast with our results, others have failed to show CBR2 expression in spinal microglial cells and have found CBR2 expression mainly in neurons after peripheral nerve injury. 21 This discrepancy may be due to nonspecific antibodies, peripheral nerve injury models, or the time after surgery (14 vs. 4 days) used in both studies. A dynamic temporal expression of CBR2 in neuropathic pain conditions may be also a possibility as seen with extracellular signal-regulated kinase expression after peripheral nerve injury. 32
Central CBR2 Activation Induces Antinociception
Spinal administration of nonselective CBR agonists (including CBR2 agonists) reduces hypersensitivity in different pain models (including neuropathic pain). 25, 27 In the current study, we have shown that intrathecal JWH015 induced a dose-and CBR2-dependent antihypersensitivity effect after peripheral nerve injury, similar to our previous observations in a postoperative pain model. On the contrary, spinal CBR2 activation does not relieve formalin-induced hypersensitivity 25 and does not induce antinociception in sham animals. JWH015 and CP55940 seem to be more effective and potent in the postoperative than in the neuropathic pain model used in the current study. 28 This is not surprising because the most difficult type of pain to treat is pain induced by nerve injury.
Spinal CBR2 Activation Modulates Spinal Immune Response
Reactive microglia and astrocytes, as evident by increased expression of Iba1 (microglia marker), CR3/ CD11b (microglia marker), and GFAP (astrocyte marker) likely by the increased input and subsequent sensitization of spinal neurons after peripheral nerve injury, 33 are involved in the initiation and maintenance of hypersensitivity in neuropathic pain. [15] [16] [17] [18] In accord with previous studies, 17,23 we found widespread CR3/CD11b expression (microglia marker) in the lumbar dorsal horn ipsilateral to L5NT 4 days after surgery. We did not find any robust morphologic change in astrocytic or GFAP (astrocyte marker) expression at this time point, in accord with their later role in neuropathic pain conditions. 15, 18 We have previously shown an increase in mRNA GFAP and S100B (astrocyte markers) 4 days after L5NT 17,34 suggesting that astrocytic activation after L5NT is taking place at this time point in a transcriptional level and that this may not be associated with morphologic or GFAP protein changes.
In accord with the role of microglia in early phases of neuropathic pain, intrathecal JWH015 significantly reduced L5NT-induced CR3/CD11b expression (microglia marker) in a dose-and CBR2-dependent manner in parallel with its behavioral effects. Interestingly, this association was also observed in postoperative pain, suggesting a common pathologic mechanism between both pain models, a possibility that we are currently pursuing. JWH015 and other CBR2 agonists suppress interferon ␥-induced CD40 expression, attenuate tumor necrosis factor ␣ and nitric oxide, and regulate migration in microglial cells. [35] [36] [37] Furthermore, CBR2 activation induces the production of the antiinflammatory factor interleukin-1 receptor antagonist from neurons and glia. 38 Interestingly, glial modulation or interleukin-1␤ and tumor necrosis factor-␣ inhibition in spinal cord reduces hypersensitivity. 16, 18 Perivascular cells are CNS antigen-presenting cells 39 that play important immune regulatory and surveillance functions. 40 These cells are involved in the intimate communication of the CNS with the peripheral immune system in pathologic conditions such as experimental autoimmune encephalomyelitis 41 or neuropathic pain conditions. 42 ED2/CD163 (CD163) is a specific marker for perivascular cells 43 that is expressed on the cell surface or is shed in its soluble form. 44 Human macrophages expressing ED2/CD163 are associated with the resolution of inflammation 45 and secrete proteins with antiinflammatory properties. 46 ED2/CD163 expression is reduced after L5NT, paralleling the L5NT-induced hypersensitivity. Importantly, JWH015 enhanced ED2/CD163 expression in neuropathic animals with the two doses tested at the same intensity, which parallels its behavior effects. These findings suggest that spinal perivascular cells and the decrease of ED2/CD163 may be involved in the development of neuropathic pain. We are currently testing whether L5NT-induced ED2/CD163 down-regulation is related to microglial activation in pain states.
These findings, together with the localization of CBR2, suggest, first, that JWH015 (CBR2 agonist) directly inhibits spinal microglial cells, which would be sufficient to induce a reduction of peripheral nerve injury-induced spinal neuronal activity and behavioral hypersensitivity, 28, 47, 48 and second, that JWH015 affects perivascular cells, inducing the expression of ED2/CD163 and modulating the local immune response. Supporting this hypothesis, other antiinflammatory agents, such as glucocorticoids and interleukin 10, induce the expression of CD163 in human monocytes. 49, 50 How CBR2 activation is directly inhibiting L5NT-activated microglia remains unknown. We hypothesize that a modulation on extracellular signal-regulated kinase pathway is part of the mechanism of action. Spinal microglial extracellular signal-regulated kinase dephosphorylation reduces neuropathic pain behavior 32,47 and microglial CBR2 activation inhibits tumor necrosis factor-␣ and nitric oxide production by dephosphorylating extracellular signal-regulated kinase. 35 We are currently testing this hypothesis. In addition, we hypothesize that ED2/CD163 modulation is part of the mechanism of action by which CBR2 agonists reduce hypersensitivity and the immune response in spinal cord after peripheral nerve injury.
Spinal CBR2 Activation Lacks Side Effects
CBR2 exist in the CNS, 9, 10 and systemic CBR2 ligands distribute and act in the CNS without inducing overt neurologic side effects. [51] [52] [53] However, it has recently been shown that brain CBR2 activation may have some neurologic actions. 54 We have shown that intrathecal JWH015 did not induce neurologic side effects at antihypersensitivity doses in a model of postoperative pain, and we confirm this in a model of neuropathic pain. We cannot exclude the possibility that JWH015 did not induce side effects because of a lack of distribution to supraspinal levels in the CNS or whether the doses used are insufficient to activate higher CNS regions. It is also possible that JWH015 induces cognitive side effects not tested in this study. CP55940 induces its neurologic side effects by its actions on central CBR1, 28 which would explain the side effects observed after intrathecal CP55940 in the current study.
Repeated spinal injections of the CBR1 agonist WIN 55,212-2 produced abnormal pain characterized by mechanical and thermal hypersensitivity. Such hypersensitivity seems to manifest as antinociceptive tolerance (decrease in antinociceptive potency). 30 Interestingly, we show that chronic spinal CBR2 activation did not induce hypersensitivity or tolerance in sham surgery or L5NT animals using antinociceptive doses of JWH015. Moreover, the potency and efficacy of acute JWH015 increased in L5NT chronic JWH015-treated animals compared with controls. Although the pharmacokinetic properties of cannabinoids administered intrathecally are unknown, the simplest explanation for this observation is the highly lipophilic nature and the long terminal half-life of cannabinoid drugs, such as ⌬ 9 -tetrahydrocannabinol (25 h to 5 days), which may favor tissue storage. 55, 56 The antinociceptive effect achieved by using two doses, but not one, suggests a cumulative effect. However, intrathecal JWH015 was not effective 24 h after its chronic and daily injections, suggesting that the drug is metabolized earlier, making drug accumulation an unlikely reason for its enhanced effectiveness and potency after its chronic administration. Therefore, it seems that other unknown mechanisms may also participate in this intriguing finding.
Conclusions
These data support our hypothesis that CBR2 are expressed in microglia after peripheral nerve injury. We also generated a new hypothesis by finding functional CBR2 in perivascular cells, suggesting a possible role of these cells and ED2/CD163 as immune modulators in neuropathic pain. Our findings suggest that spinal CBR2 activation could be enormously beneficial in pathologies where an excess of microglial activation seems to play a determinant role, including neuropathic, postoperative, or inflammatory pain. Because CBR2 agonists are devoid of some neurologic side effects and antinociceptive tolerance, these data provide the rationale for studying the mechanism of action of these promising CBR2 agonists as potential safer analgesic agents.
